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Abstract 

A violation of the equivalence principle (VEP) in the Kaon system can, in princi- 
ple, induce oscillations between K° and K° in a manner that need not violate CPT 
conservation. We show that such a CPT-conserved VEP mechanism could be clearly 
tested experimentally through the energy dependence of the Ki — Kg mass difference 
and discuss constraints imposed by present experiments. 
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The principle of equivalence (EP) implies universality of gravitational coupling for all 
forms of mass-energy, thereby ensuring that spacetime is described by a unique operational 
geometry. Although the EP has been tested to impressive levels of precision, virtually 
all such tests have been carried out with matter fields. The possibility that matter and 
antimatter may have different gravitational couplings remains a fascinating open question. 
The strongest bound on matter-antimatter gravitational universality comes from the K° — K° 
system. However all studies of this system have considered a straightforward violation of the 
weak equivalence principle (WEP) in which it is assumed that K°—K° mass and gravitational 
eigenstates can be simultaneously diagonalised but with differing eigenvalues (i.e. differing 
K° and K° masses) ^ ^, in which case violation of gravitational universality also means 
violation of CPT. 

More generally, a violation of the EP (VEP) in the Kaon system will not assume si- 
multaneous pairwise diagonalization of mass, gravitational or weak eigenstates. We shall 
consider in this letter the consequences of such a general VEP mechanism, showing that it 
can provide a new source of CP-violation whilst conserving CPT. In this context, the WEP 
violation investigated previously |^, ^ is a special case of maximal CPT violation in the 
gravitational sector. We consider constraints imposed on the VEP mechanism by present 
experiments; constraints on VEP-induced CP-violation will be discussed elsewhere [Q. 

Since gravitational couplings are proportional to mass-energy one needs to study the 
energy of the particles under consideration and to consider relativistic kaons for which grav- 
itational effects could be non-negligible. In a weak gravitational field g^u = Vtiv + ^tiv (where 
h^v = 2-^diag{l, 1, 1, 1)) the gravitational part of the Lagrangian is — 1(1 + gi)h^^T^^^ where 
T^'^ is the stress-energy in the gravitational eigenbasis and 1 + gi are the gravitational cou- 
plings, which are not equal if VEP is operative. For relativistic pointlike kaons the general 
form of the effective Hamiltonian in the {K° K°) basis will be 



where for a quantity X, 5X = {X1—X2), X = {X1+X2) /2. Hsew is the matrix coming from 
the strong, electromagnetic and weak interactions, whose absorptive {i.e. antihermitian) 
parts we shall neglect for the moment. In the absence of gravity, weak interactions are 
responsible for mi 7^ m2, which are interpreted as the Kl and Ks masses. We have neglected 
terms proportional to 6171 = (mi — 1712) / 2 in the gravitational Hamiltonian Hq. (f) is the 
gravitational potential on the surface of earth, which is constant over the range of terrestrial 
experiments. 



H = pl + UwHsEwU^' + UgHgU, 



(1) 



with I the identity matrix. 




(2) 




and 
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Since Hsew ^"^^ Hq are hermitian, then Uq and Uw are unitary. From the general form 
of a 2x2 unitary matrix 

\ / cos^ sin^\ fe'^ 
e^"/ I -sin^ cos^j I e'^ 



it is straightforward to show that 



^ ^ ^ 1 / M+ Mi2 \ 
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with 



- . , cos2dw r , P cos2^G.^ 

M± = m+— G± ()m±— oG 

m 2 m 2 

Mi2 = -(sin2^vi/5m + e"2'("«-"^)-?-sin2MG')/2 

m 



(4) 



where we have absorbed additional phases into the K° and K° wavef unctions. Note that 
gravitation may induce CP-violation if ao 7^ aw', we shall study the implications of this else- 
where. Since in this paper we will be considering effects for which CP-violation is negligible, 
for simplicity we shall take ac =<yw = 0. 

In the basis of the physical states K]^ and Ks, the Hamiltonian becomes 

where £; = (1 - 2(1 + g)(j)){p + f^), and 



2p. 



P 

—AE = mL—ms 
m 



(- 2 \ 2 - 2 

2#5^(P + ^) - ^6m(t>8g^{p + ^) cos(2^,^ - 260) 
m 2p I m 2p 



1/2 



(6) 

where and ms are the experimentally measured masses of Kl and Ks respectively. 
The amount of CPT-violation is given by 

— 2 

u in 

AcPT ^M+-M_^ cos(2ew)Sm - cos (2^g) 205c/— (p + — ) (7) 

m 2p 

Previous studies of VEP in the Kaon system assumed CPT violation in the gravitational 
sector only, from which it was argued that empirical bounds can be placed on the difference 
between the gravitational couplings to \K° > and \K° >. The difference in gravitational 
eigenvalues then corresponds to a difference (AM^) in the masses of \K° > and \K° >: 

— 2 

\M+-M_\=<pAM, = 24>\8g\^{p+—) (8) 

m 2p 
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and is entirely attributable to the amount of CPT violation. The first equality in Eq.(^) was 
given by Kenyon and the second by Hughes 0, who specified the energy dependence of 
AMg. From the experimental upper bound on M+ — M_ the bound | 5(7 |< 2.5 x 10~^^ 
may be obtained, where the potential is taken to be that due to the local supercluster 
(0 ~ 3 X 10~^). In this approach CPT conservation implies no gravitational mass difference 
and hence no VEP. However it is clear from the expression (|^ for Acpt that the bound 
obtained on AM^, is actually on some combination of VEP parameters and not on 5g and 
cos(2^g) separately. When Oq = 0, 6m = 7r/4, Eq.(||) agrees with Eq.(|^). More recent 
experiments ^ find |M_|_ — M_\/mx < 9 x 10^^^, yielding the bound | 5g \< 4.5 x 10^^^ for 
the same value of 0. 

Next we shall consider a scenario in which CPT is conserved, so that Aqpt = 0. From 
the above it is clear that, even if CPT is conserved, there is still a VEP-induced difference 
between the masses of the physical states. As a result bounds can be placed on the VEP 
parameter (f)6g without the assumption that locality in quantum field theory is violated. One 
interesting consequence of this is that the VEP mechanism predicts that the mass difference 
ttll — ms will be energy dependent. 

From the expression of Acpt it is clear that it is not possible to conserve CPT for all 
momenta unless 9m = Og = j (modulo vr), thereby separately conserving CPT in the weak 
and the gravitational sectors. In this case the mass difference is 

— 2 
J) TTl 

TTT'L — ITT'S = ~ 20(5(7 — (p H )• (9) 

m 2p 

which as noted above is energy dependent. It is possible to put a bound on the VEP 
parameter Sg if we know the value of and the mass difference at various given energies. 
Alternatively, if mass measurements at two different energies were different, the differing 
values for mi — nis could be used to extract a value for the VEP parameter 5g. 

What constraints do present experiments place on 5m and 6gl In the review of particle 
properties |^ six experiments were taken into account. Two of them are at high energy [0, || 
with the kaon momentum px between 20 GeV and 160 GeV. The weighted average of these 
two experiments is [§]: Am^s = ~ = (0.5282 ± 0.0030)10^°^s~^. The four other 
experiments [1^, [IT], are at lower energy, with pj^ ~ 5 GeV, or less. The weighted 
average of these low energy experiments is Am^s = (0.5322 ± 0.0018)10^'^/is~^. A fit of 
equation (^ with the high and low energy value of Amis gives : 6m = (3.503 ± 0.012) x 

10~^'^MeV and (f)6g = (8.0 ± 7.0) x 10~^^ x (j^) , (where Eav is the average energy for the 
high energy experiment). 

Taking to be the earth's potential (0 ~ 0.69 x 10"^), we find 5g = (1.2 ± 1.0) x 10"^^ 
whereas if is due to the local supercluster then 6g = (2.7 ± 2.3) x 10^^''. These values 
differ from zero by 1.15 standard deviations. While it is certainly premature to regard this 
as evidence for the VEP mechanism, it does show that VEP in the Kaon sector is not as 
tightly constrained as previous studies 0, Q have implied. A precise fit of mass difference 
per energy bin in present and future high energy experiments would be extremely useful in 
constraining the VEP parameters, particularly since the present experimental situation at 
low energy is not clear. Indeed one of the low energy experiments [|12| was published last year 



found Amis = (0.5274 ± 0.0029 ± 0.0005)10^*^^5 ^, a value lower than the weighted average 
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^fT^LS = (0.5350 ± 0.0023) 10^°/is~^ of the three (previous) low energy experiments. Without 
this new experiment, a similar fit of the other five experiments yields (pSg = (1.38 ± 0.77) x 
10~^^(90/-Eai;)^- In this case 6g is different from by 1.8 standard deviations. Alternatively 
taking only the new experiment [|l^ at low energy we would obtain a value compatible with 
at less than 1 standard deviation. 

In the above analysis we have not included the effect of the absorptive part of the Hamil- 
tonian, which if VEP is operative appears in both the weak and gravitational sectors. Here 
we consider the absorptive part coming from the weak sector. 

In the weak sector, inclusion of the absorbtive part entails the replacement rrii by rrii — 
iTi/2. With this change the definitions of E and AE are modified to 

E = [p+^- ^^^1(1-2(1 + ^)0) 



P . ^ 1 
—AE -- 



m 



1/2 



V2 L J 72 L 



1/2 
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T) Tfi 

G = -{6m6T) + 2cos{29w-'29G)[ST(f)Sg—{p+—)] (10) 
We also have, 

mi-ms = —Re(AE) (11) 
m 

Ts-Tl = 2^\m{AE) (12) 
m 

In deriving these equations we neglected terms in 5mT , 5m5T and with respect to the 
terms in m5m or m5T . It can be shown that in the CPT-conserving case the above mass 
difference (equation (|TID ) reduces to equation (^. So in the CPT conserving case the results 
above are not affected by inclusion of the widths. In this case the difference r5 — Fx = 5T is 
independent of energy. This is consistent with experiment, which indicates that the low and 
high energy measurements of F^ — F^, are fully compatible [^]. For 9g 7^ 7r/4, an examination 
of (0) indicates that F^ — F/^ is energy dependent; however this is small and measurements 
of F5 — F^ do not constrain 5g more than measurements of Amis even though they are more 
precise. We note that measurements of F5 — F^ would more strongly constrain a possible 
absorptive part coming from the gravitational sector which presumably would induce a larger 
energy dependence. We shall not consider this possibility here. For 7^ 7r/4, width effects 
in Eq. ([TT|) are small and Eq.(|^) remain good up to a few percents. 

In Fig.l, for completeness, we plot as a function of cos(26'g') (and with 9w = 7r/4) the 
upper bounds we get on \(j)6g \ by fixing 6m to the central value of the world average 0, Am^s 
= (0.5310 ± 0.0019)10^*^^5"^ and requiring that — ms in (^) does not differ from 5m by 
more that ±2 standard deviations. Note that in the case of maximal CPT violation {9g = 0), 
mi — ms can only increase with energy, as is clear from Eq.(^ or Eq. ([Tip. The actual 
difference between low and high energy experiments, if valid, could not be explained in this 
case except for complex value of 5g (and similarly for values of 9g very close to 0). In Fig.l 
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we also show the bound coming from Eq.(^ with 6w = 7r/4 and |M_|_ — M_\/mK < 9 x 10~^^ 
p. These curves have different interpretations. The sohd hne is obtained from constraints 
on possible energy dependence of Sitlls, a distinctive signal of VEP. The dashed line is 
obtained from constraints on CPT violation effects. These need not originate from the VEP 
mechanism, and could be relaxed if other (energy independent) CPT violating effects were 
operative. As is clear from Eq. (|^), additional CPT violation effects coming from 6w 7^ 
would not qualitatively change these bounds. The solid line is therefore a more secure limit 
for Og ^ 0. 

Violations of the equivalence principle in the Kaon system need not violate CPT (which 
in turn implies a loss of locality in quantum field theory). More precise and detailed tests 
in this sector should provide us with important empirical information on the validity of the 
equivalence principle. 
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Fig.l: Upper bounds on \4>6g\ (for p ~ 90GeV) obtained from Eq.(|^) (solid line) and 
Eq.(^ (dashed line) as explained in the text. 
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